Recent studies show that the cytokine interleukin-6 (IL-6) is expressed at elevated levels in the CNS in several disease states and contributes to the neuropathological process. The mechanisms through which IL-6 exerts its CNS effects are primarily unknown. We have investigated the pathophysiological effects of IL-6 on developing CNS neurons using a culture model system and a chronic treatment paradigm. Here, we show, using current-and voltage-clamp recordings, that chronic IL-6 treatment of developing cerebellar granule neurons increases the membrane and current response to NMDA and that these effects are the primary mechanism through which IL-6 produces an enhanced calcium signal to NMDA. We also show that calcium influx through voltage-sensitive calcium channels contributes to the enhanced calcium signal to NMDA in the IL-6-treated neurons in a developmentally regulated manner and that the membrane depolarization to NMDA is more sensitive to the NMDA receptor antagonist ifenprodil in the IL-6-treated neurons compared with control neurons at a late developmental stage, consistent with a larger proportion of NMDA receptors containing the NMDAR2B subunit in the IL-6-treated neurons. Additional studies show that IL-6 treatment reduces the number of granule neurons in culture and enhances neurotoxicity involving NMDA receptors. These results support a pathological role for IL-6 in the CNS and indicate that NMDA receptor-mediated functions are likely to play a critical role in neuropathological changes observed in CNS diseases associated with elevated CNS levels of IL-6.
C ytokines, including interleukin-6 (IL -6), are thought to play both physiological and pathological roles in the C NS (Lipton and Kater, 1989; Hopkins and Rothwell, 1995; Gruol and Nelson, 1997) . Under normal physiological conditions, IL -6 levels in the C NS are low. However, elevated levels of IL -6 occur in many C NS diseases, including human immunodeficiency virus (HIV) infection (Laurenzi et al., 1990; Gallo et al., 1991; Perrella et al., 1992; T yor et al., 1992 ), Alzheimer's disease (Blum-Degen et al., 1995) , autoimmune disease (Hirohata and Miyamoto, 1990) , and meningitis caused by bacterial (Waage et al., 1989) or viral (Frei et al., 1989) infection. Consistent with a role of IL -6 in pathological processes, elevated levels of IL -6 mRNA and protein occur in the C NS of animal models of neurodegenerative diseases (Gijbels et al., 1990; Grau et al., 1990; Minami et al., 1991) . Moreover, prominent neurodegeneration is observed in the C NS of transgenic mice that chronically overexpress IL -6 in the C NS (C ampbell et al., 1993) . C NS microglia and astrocytes in vitro produce large quantities of IL -6 when stimulated (Lee et al., 1993) and are thought to be important sources of IL -6 in C NS disease. C NS neurons in vivo are closely associated with microglia and astrocytes and are likely to be exposed to the high concentrations of glial-derived IL -6 under pathological conditions.
The mechanisms through which IL-6 affects neurons in disease are only beginning to be understood. CNS neurons from both immature and adult animals express IL-6 receptor (IL-6R) mRNA (Schobitz et al., 1993; Gadient and Otten, 1994) , although the functional role of IL-6Rs in CNS neurons remains to be elucidated. The IL-6R shares an intracellular transduction subunit (i.e., gp 130) and biochemical pathways with neuronal growth factor receptors, such as ciliary neurotrophic factor and leukemia inhibitory factor (Ip et al., 1992; Stahl et al., 1994) , and may influence the CNS by regulating pathways normally used during neuronal development. The availability of a well characterized in vitro developmental model of CNS neurons known to express IL-6R mRNA, cerebellar granule neurons (Schobitz et al., 1993) , and the technical advantages of a culture preparation have led us to use this model to investigate the pathophysiological effects of IL-6 on CNS neurons.
We showed previously that chronic IL -6 treatment of granule neurons developing in culture enhances NMDA receptormediated intracellular calcium signals and increases resting calcium levels (Holliday et al., 1995; Qiu et al., 1995) . These results implicate NMDA receptors and intracellular calcium as important mechanisms through which IL -6 alters neuronal f unction. In the current study, we show that the primary mechanism underlying the effects of IL -6 on NMDA receptormediated calcium signals in the granule neurons is an enhancement of the membrane and current response to NMDA. We show also that neurons subjected to chronic IL -6 treatment exhibit altered sensitivity to the NMDA receptor antagonist ifenprodil and increased sensitivity to NMDA receptormediated neurotoxicity.
MATERIALS AND METHODS
Cell culture. C erebellar granule neuron cultures were prepared from 8-d-old postnatal rats (Sprague Dawley; Charles River Laboratories, Wilmington, M A) by a standard enzyme treatment protocol as described previously (Qiu et al., 1995) . Briefly, cerebella were dissociated in calcium-free saline with trypsin and DNase and plated on M ATRIGELcoated (Collaborative Biomedical Products, Bedford, M A) cover glasses (10 6 cell /35 mm culture dish). The neurons were grown in DM EM-F-12 (Life Technologies, Gaithersburg, MD) plus 10% horse serum (heatinactivated) supplemented with 30 mM glucose, 2 mM glutamine, 20 mM KC l, and penicillin (20 U/ml)-streptomycin (20 g /ml). Medium (0.5 ml) without serum was added every 7 d. Treatment with 5-fluoro-2Ј-deoxyuridine (20 g /ml) on the first and fourth days after plating minimized the number of contaminating astrocytes.
Human recombinant IL -6 (Boehringer Mannheim, Indianapolis, I N) was dissolved in physiological saline at 100,000 U/ml as a stock solution and stored at Ϫ20°C. IL -6 at a concentration of 5 ng /ml (500 U/ml) was added to the granule neuron cultures at 1, 4, 7, and 11 d in vitro (DIV) . Sister cultures that received no IL -6 treatment were used for controls. For all experiments, the IL -6-containing medium was replaced with saline without IL -6 before measurements were made.
Electrophysiolog y. Current-and voltage-clamp recordings were made from the somatic region of the granule neurons using the nystatin perforated-patch technique, the Axopatch patch-1C amplifier (Axon Instruments, Foster C ity, CA), and pCL AM P software (Axon Instruments) following standard methods (Gruol and Parsons, 1994; Netzeband et al., 1997) . For current-clamp recordings, the electrode solution contained: 6 mM NaC l, 154 mM K ϩ gluconate, 2 mM MgC l 2 , 10 mM glucose, 1 mM BAP TA, 0.5 mM CaCl 2 , 10 mM H EPES-KOH, pH 7.3, and 200 g /ml nystatin. Nystatin-free saline was used to fill the tip of the patch electrode. For voltage-clamp recordings, C s ϩ gluconate (154 mM) was substituted for K ϩ gluconate. The bath saline for both current-and voltage-clamp experiments was physiological saline or Mg 2ϩ -free physiological saline with 5 M glycine. The composition of the physiological saline was (in mM): 140 NaC l, 3.5 KC l, 0.4 K H 2 PO 4 , 0.33 Na 2 HPO 4 , 2 MgSO 4 , 2.2 CaCl 2 , 10 glucose, and 10 H EPES-NaOH, pH 7.3. In one series of voltage-clamp experiments, the extracellular calcium level was increased. For these experiments, the bath contained high calcium saline of the following composition (in mM): 100 NaC l, 2.5 KC l, 30 C aC l 2 , 10 glucose, and 10 H EPES-NaOH, pH 7.3. The electrode solution contained: 140 mM CsCl 2 , 2 mM MgC l 2 , 10 mM glucose, 1.1 mM EGTA, 10 mM H EPES-KOH, pH 7.3, and 200 g /ml nystatin and sucrose to adjust the osmolarity to 310 mOsm. Nystatin-free saline of the same composition was used to fill the tip of the patch electrode. All experiments were performed at room temperature (ϳ23°C).
Drug application. C ells were stimulated with NMDA (0.02-1 mM; Tocris Cookson, Ballwin, MO), a selective agonist at the NMDA subtype of glutamate receptors, or K ϩ (150 mM or 25 mM; K ϩ substituted for Na ϩ in physiological saline), a depolarizing agent. For studies with NMDA, the cell bath and agonist solutions were Mg 2ϩ -free physiological saline containing 5 M glycine. For studies of K ϩ depolarization, the bath contained normal physiological saline. NMDA or K ϩ was applied by a brief (1 sec) microperf usion pulse from a drug micropipette (1-3 m tip diameter) placed near the target neurons. NMDA at 200 M was used in most experiments and produced an easily quantifiable response in both calcium imaging and electrophysiological experiments. A dye (fast green, 0.05 mg%) was included in the agonist solution to monitor neuronal exposure. The dye had no effect by itself nor did it influence the response to NMDA or K ϩ . The time course of dye exposure indicated that the onset of neuronal exposure to the stimulant was relatively fast, occurring during the initial phase of the 1 sec application period, whereas the clearance of the dye from the neuron (by diff usion) was relatively slow, taking ϳ5-10 sec for visual clearance. Bath saline was exchanged between stimulations. NMDA was stored as a stock solution at 50 mM and dissolved in bath saline the day of the experiment.
Bath application of the NMDA receptor antagonists D(-)-2-amino-5-phosphonopentanoic acid (D-AP-5) (50 M; Tocris Cookson) or ifenprodil (0.5 M; Sigma, St. L ouis, MO) was used in some studies. These antagonists were dissolved in bath saline. Voltage-sensitive calcium channel (VSCC) blockers were also tested by bath application, including 5 M nimodipine to block L -type channels, 1 M -conotoxin GV IA to block N-type channels, and 200 nM -agatoxin IV-A to block P-and Q-type channels (referred to as P/Q-type). Stock solutions of nimodipine (20 mM; Sigma) were prepared in dimethyl sulfoxide (DMSO). The final concentration of DMSO was 0.025% in the cell bath solution at the final concentration of nimodipine. In control experiments, DMSO had no effects by itself. -Agatoxin IV-A was a gift from Pfizer (Gorton, C T), and -conotoxin GV IA was purchased from Peptides International (L ouisville, K Y); both were dissolved in bath saline.
Intracellular calcium measurement. Intracellular calcium was determined for individual cells using standard microscopic f ura-2 digital imaging (Grynkiewicz et al., 1985) and previously published methods (Qiu et al., 1995) . Granule neurons were loaded with 1.5 M f ura-2 AM and 0.02% pluronic F-127 (Molecular Probes, Eugene, OR) in physiological saline for 30 min. For experiments, the cover glass was mounted in a chamber attached to the imaging microscope. The recording chamber contained physiological saline (see above). Live video images were recorded with a SI T-66 video camera (DAGE-MTI, Michigan C ity, I N) and digitized by computer. Real-time digitized display, image acquisition, and calcium measurements were made with microcomputer imaging device (MCI D) imaging software (Imaging Research, St. C atharines, Ontario). Intracellular calcium levels were estimated by converting fluorescence ratios (340 nm /380 nm) to intracellular calcium concentrations using the following formula: [calcium] 
where R is the ratio value, R min is the ratio for a calcium free solution, R max is the ratio for a saturated calcium solution, K d is 135 (the dissociation constant for f ura-2), F o is the intensity of a calcium free solution at 380 nm, and F s is the intensity of a saturated calcium solution at 380 nm. The low level of background fluorescence eliminated the need for background subtraction. C alibration was done using f ura salt (100 M) in solutions of known calcium concentration (Molecular Probes kit C -3009). All experiments were performed at room temperature (ϳ23°C).
Data anal ysis. C alcium signals, membrane depolarizations, and current responses to NMDA were quantified by measurement of the peak amplitude relative to baseline or resting levels. The relatively slow system used for agonist application precluded a meaningf ul assessment of response kinetics. For calcium imaging studies, two or three cultures for each treatment group (control and IL -6) were examined per experiment. For each culture, 5-15 granule neuronal somata were measured in each microscopic field, and at least two microscopic fields were measured in each culture. For electrophysiological studies, one control and one IL -6 culture were examined per experiment. Electrophysiological recordings were made from one to five neurons in each culture, depending on the experimental protocol. Data from several cultures and culture sets were pooled for statistical analyses. Values are expressed as mean Ϯ SEM. Statistical significance ( p Ͻ 0.05) was determined by two-way ANOVA, followed by the Fisher post hoc test for multiple comparisons.
Neurotoxicit y assay. Neurotoxicity was assessed using a standard lactate dehydrogenase (LDH) assay (Murphy et al., 1993; Johnson, 1995) and measurement of cell cluster size. LDH release was determined with a commercial LDH kit (Boehringer Mannheim). For studies involving NMDA toxicity, delayed toxicity was assessed (Koh and Choi, 1987) . The protocol was as follows. The growth media was removed, and the cells were challenged with NMDA dissolved in Mg 2ϩ -free physiological saline containing 5 M glycine for 10 -15 min. The NMDA solution was replaced with serum-free culture media (DM EM-F-12 without phenol red), and the cultures were returned to the incubator. On the next day (18 -24 hr), delayed toxicity was assessed by spectrophotometric measurement of LDH levels in the culture media.
Neuronal cluster size was used as an index of cell survival. We showed previously that during their development in culture the majority of granule neurons in control and IL -6-treated cultures migrate and form clusters connected by fiber tracts (Qiu et al., 1995) . The size of the clusters correlates with the cell survival as measured by the 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide tetrazolium salt assay (Ankarcrona et al., 1995; Johnson, 1995) for viable neurons (data not shown) and thus can be used as a relative measure of cell number. The area of the cell clusters was measured in fixed preparations of control and IL -6-treated cultures using MCI D imaging software (Imaging Research).
RESULTS

IL-6 enhances the membrane depolarization to NMDA in cerebellar granule neurons
Parallel electrophysiological and calcium imaging experiments showed that brief (1 sec) application of NMDA (200 M) to cultured granule neurons elicits both a membrane depolarization and an intracellular calcium signal (Fig. 1) . Bath application of the competitive NMDA receptor antagonist D-AP-5 (50 M) blocked both responses in control and IL -6-treated neurons (data not shown), indicating that the membrane depolarization and intracellular calcium signal produced by NMDA were induced specifically by NMDA receptor activation.
The membrane depolarization and intracellular calcium signal to NMDA were affected similarly by IL -6 treatment during granule neuron development. The experiments were performed at two culture ages, 4 -5 and 11-12 DIV, reflecting early and late developmental stages. Chronic IL -6 treatment starting at 1 DIV enhanced significantly the membrane depolarization and intracellular calcium signal to NMDA at both developmental stages (Fig. 1) . The parallel effect of IL -6 on these responses suggests that common mechanisms underlie both effects. For example, the increased intracellular calcium signal to NMDA in IL -6-treated neurons could result from the larger membrane depolarization to NMDA and consequently greater calcium influx through NMDA receptor-gated channels or VSCC s activated by the membrane depolarization. Several types of experiments were performed to identify the mechanisms mediating the effects of IL-6 on NMDAstimulated responses in the granule neurons.
Effects of IL-6 on membrane properties
Several mechanisms could produce the larger membrane depolarization to NMDA in the IL-6-treated neurons. For example, an increase in input resistance or resting membrane potential in the IL-6-treated neurons would result in a larger membrane depolarization to NMDA. However, examination of these properties under current clamp in control and IL-6-treated neurons showed that IL-6 treatment produced only minor changes in input resistance and resting membrane potential. Moreover, the changes in input resistance and resting membrane potential were not consistent across developmental stages, in contrast to the effect of IL-6 treatment on the membrane depolarization and intracellular calcium signal to NMDA, which were increased at both developmental stages. Results are summarized in Figure 2 . Input resistance (determined from the slope of the currentvoltage curves) in the hyperpolarizing range of potentials was Figure 1 . IL-6 enhances the membrane depolarization and intracellular calcium signal to NMDA in cerebellar granule neurons. A, Representative current-clamp (perforated-patch method) recordings of the membrane depolarization to NMDA in control and IL -6-treated neurons at two developmental stages, 4 and 11 DIV. NMDA (200 M) was applied at the arrows from a micropipette by brief (1 sec) microperf usion. Mean Ϯ SEM values for the peak amplitude of the membrane depolarization at the two developmental stages studied are shown in the graph at the right. B, Representative recordings of the intracellular calcium signals evoked by application of NMDA in control and IL -6-treated neurons at two developmental stages, 5 and 12 DIV. NMDA was applied as in the electrophysiological studies. Mean Ϯ SEM values for the peak amplitude (relative to resting levels) of the intracellular calcium signals at the two developmental stages studied are shown in the graph at the right. Significant differences ( p Ͻ 0.05) between control and IL-6-treated neurons are indicated by asterisk s. Significant ( p Ͻ 0.05) age-dependent differences within the same treatment group are indicated by number signs. Numbers in the bars represent the number of cells studied.
significantly larger in the IL -6-treated neurons compared with control neurons at 11 DIV; there was no significant difference at 4 DIV (Fig. 2 A) . Input resistance in the depolarizing range of potentials was similar in control and IL -6-treated neurons at both developmental stages (Fig. 2 B) . Both control and IL -6-treated neurons showed a similar developmental decline in the depolarizing and hyperpolarizing input resistance. Resting membrane potential was slightly more negative in the IL -6-treated neurons compared with control neurons at 4 DIV; there was no significant difference at 11 DIV (Fig. 2C) . Thus, effects of IL -6 on input resistance and resting membrane potential may contribute to differences in the magnitude of the membrane depolarization to NMDA between control and IL -6-treated neurons, but these effects are unlikely to be the primary mechanism responsible for the enhanced membrane depolarization to NMDA in the IL-6-treated neurons.
IL-6 enhances the current response to NMDA in cerebellar granule neurons
The larger membrane depolarization to NMDA in the IL-6-treated granule neurons could also result from an increase in NMDA receptor number in the cell membrane or an alteration in the functional properties of the receptors. As a first step toward determining whether IL -6 affects these properties, we measured several characteristics of the current response to NMDA in control and IL -6-treated neurons under voltage clamp. Figure 3 shows representative voltage-clamp recordings of the current responses to NMDA at two holding potentials in a 4 DIV granule neuron (Fig. 3A) and current-voltage curves showing mean values for the current response to NMDA at different holding potentials in 4 and 11 DIV granule neurons (Fig. 3B) . NMDA current amplitudes were larger at 11 DIV compared with 4 DIV for both control and IL -6-treated neurons, consistent with a developmental increase in NMDA receptor number and /or a change in receptor properties during development. IL -6 treatment enhanced the peak amplitude of the current response to NMDA at all holding potentials at both developmental stages. Significant differences were observed at holding potentials of Ϫ70 mV, the approximate resting potential of the granule neurons, and ϩ50 mV at both developmental stages. These results indicate that the larger membrane depolarization to NMDA in the IL-6-treated neurons results from a larger current response to NMDA.
An increased current response to NMDA in the IL-6 treated neurons would be expected to result in greater calcium influx through NMDA receptor channels and consequently a larger calcium signal to NMDA unless there was a compensatory change in the functional properties of the NMDA receptor channels. One functional property that could affect calcium influx is the relative permeability of the NMDA receptor channel to calcium. To determine whether IL-6 treatment affected this property, we measured the reversal potential for the current response to NMDA under voltage clamp in control and IL-6-treated neurons. Reversal potential measurements were made under two conditions: (1) with physiological levels of calcium in the bath (Mg 2ϩ -free physiological saline with 5 M glycine) or (2) with the bath saline containing elevated calcium, a condition that would facilitate identification of an IL-6-induced change in the calcium permeability of the NMDA receptor channel. When the bath contained physiological levels of calcium, the reversal potential for the current response to NMDA was ϳ10 mV in both control and IL-6-treated neurons (Fig. 3B) , consistent with values reported by others for NMDA receptor-mediated currents in cerebellar granule neurons (Traynelis and Cull-Candy, 1991) and suggesting that the ion selectivity of the receptor channel was not altered dramatically by IL-6 treatment. When the bath contained elevated extracellular calcium (30 mM; extracellular sodium was reduced accordingly; see Materials and Methods), the reversal potential for the current response to NMDA (pooled data from 6, 8, and 12 DIV neurons) was 18 Ϯ 1 mV for both control (n ϭ 10) and IL-6-treated (n ϭ 9) neurons, further indicating that IL-6 treatment did not alter the calcium permeability of the NMDA receptor channel.
NMDA receptors show differential pharmacological and functional properties, depending on their subunit composition (McBain and Mayer, 1994) . For example, low micromolar concentrations of the drug ifenprodil act selectively to block receptors containing the NMDAR2B subunit (Williams, 1993; Priestly , 1995) . We examined the ifenprodil sensitivity of membrane depolarizations to NMDA to determine whether receptor properties other than calcium permeability were affected by IL-6 treatment. Both control and IL -6-treated neurons exhibited sensitivity to ifenprodil (0.5 M) at an early developmental stage (7 DIV). However, at a later developmental stage (14 DIV), the IL-6-treated neurons were more sensitive to ifenprodil than control neurons (Fig. 4) . Moreover, at this developmental stage, ifenprodil reduced the amplitude of the depolarization to NMDA in IL-6-treated neurons to the level observed in control neurons, thus eliminating the difference between control and IL -6-treated neurons. This result suggests that at an early stage of development the relative proportion of NMDA receptors containing the NMDAR2B subunit is similar for control and IL -6-treated neurons but that at a late developmental stage the IL -6-treated neurons express a larger proportion of NMDA receptors containing the NMDAR2B subunit than control neurons.
Contribution of VSCCs to the intracellular calcium signal to NMDA
Activation of NMDA receptors increases intracellular calcium through several pathways, including (1) calcium influx through NMDA receptor channels, (2) calcium influx through VSCCs activated by the membrane depolarization to NMDA, and (3) calcium release from intracellular stores. The larger membrane depolarization to NMDA in the IL -6-treated neurons could result in greater activation of VSCC s compared with control neurons and consequently a larger contribution of calcium influx through the VSCC s in the IL -6-treated neurons. To determine whether calcium influx through VSCC s contributed to the effects of IL-6 on the granule neurons, two types of experiments were performed: (1) we examined the effect of IL -6 on the intracellular calcium signal and membrane depolarization to K ϩ -stimulation, and (2) we used calcium channel blockers to determine the relative contribution of various VSCC s to the intracellular calcium signal to NMDA in control and IL -6-treated neurons. K ϩ -depolarization activates some of the same calcium pathway components (i.e., VSCC s and calcium release from intracellular stores) as the NMDA-induced membrane depolarization and thus enables an examination of the effects of IL -6 on calcium pathway components, independent of NMDA receptor activation. IL -6 treatment produced little or no change in the membrane depolarization or intracellular calcium signal to K ϩ (150 mM; K ϩ substituted for Na ϩ in physiological saline) at the early (4 -5 DIV) or late (11-12 DIV) developmental stages (Fig. 5) . The amplitude of the membrane depolarization to K ϩ was larger at 11 DIV than at 4 DIV for both control and IL-6-treated neurons. However, the amplitude of the intracellular calcium signals to K ϩ was similar for control and IL-6-treated neurons at both developmental stages.
We also compared the effects of IL-6 on the membrane depolarization and intracellular calcium signal to NMDA and K ϩ when a low pipette concentration of K ϩ was used (25 mM; K ϩ substituted for Na ϩ in physiological saline), which produces a depolarization more similar in amplitude to that evoked by NMDA. Results are summarized in Figure 6 . In both control and IL-6-treated neurons, the intracellular calcium signal to NMDA was larger in amplitude than the intracellular calcium signal to 25 mM K ϩ , whereas the membrane depolarization to 25 mM K ϩ was larger than the membrane depolarization to NMDA. Moreover, IL-6 treatment significantly enhanced the intracellular calcium signal and membrane depolarization to NMDA with no significant effect on the intracellular calcium signal and membrane depolarization to 25 mM K ϩ . These results indicate that at the developmental ages studied IL-6 treatment does not directly influence calcium influx through VSCCs or calcium release from intracellular stores initiated by the calcium influx through VSCCs. In addition, the results demonstrate further that IL-6 selectively affects the membrane and intracellular calcium signals to NMDA at these ages.
Although IL-6 treatment had little effect on the calcium signal or membrane depolarization to K ϩ , the population of VSCCs activated by K ϩ depolarization may not be the same as those activated by the NMDA-induced depolarization. For example, differences in the degree of membrane depolarization produced Figure 4 . Effects of ifenprodil on the membrane response to NMDA in cerebellar granule neurons. A, Representative current-clamp recordings of membrane depolarizations evoked by brief (1 sec) application of NMDA (200 M; applied at the arrows) in control and IL -6-treated neurons at early and late developmental stages under baseline conditions and in the presence of 0.5 M ifenprodil. The recordings at the early age are from two 7 DIV control neurons in the same culture and two 7 DIV IL -6-treated neurons in the same culture. The recordings at the late age are from two 12 DIV control neurons in the same culture and two 15 DIV IL -6-treated neurons in the same culture. B, Mean Ϯ SEM values for the peak amplitude of the membrane depolarization to NMDA measured under current clamp in control and IL -6-treated neurons at two culture stages, 6 -7 and 12-14 DIV, under baseline conditions and in the presence of ifenprodil (0.5 M). Control and IL -6-treated neurons showed similar sensitivity to ifenprodil at 7 DIV, whereas at 14 DIV, only the IL-6-treated neurons were sensitive to ifenprodil. Significant differences ( p Ͻ 0.05) between control and ifenprodil-treated neurons are indicated by asterisks. Numbers in parentheses represent the number of cells studied.
by K ϩ and NMDA could result in differences in the types of VSCC s activated. Other factors, such as channel clustering, could affect results as well. Therefore, in another series of experiments, we used calcium channel blockers to examine the contribution of VSCC s to the intracellular calcium signals to NMDA in control and IL -6-treated neurons. Granule neurons are known to express a variety of VSCC s, including L -, N-, and P/Q-types. We used nimodipine (5 M), -conotoxin GV IA (1 M), and -agatoxin IV-A (200 nM) to determine the effects of blocking the L-, N-, or P/Q-type VSCC s, respectively, on the intracellular calcium signals to NMDA. Only one blocker was used at a time.
All three VSCC s blockers reduced the intracellular calcium signals to NMDA in both control and IL -6-treated neurons in a developmentally regulated manner. At 5 DIV, the intracellular calcium signal to NMDA in control and IL -6-treated neurons showed a similar sensitivity to the VSCC blockers, suggesting that calcium influx through the L -, N-, and P/Q-type VSCCs contributes to the intracellular calcium signal to NMDA at this developmental stage (Fig. 7) . In contrast, at 8 DIV, the IL -6-treated neurons showed a greater sensitivity to all three VSCC s blockers than control neurons. At 12 DIV, neither control nor IL -6-treated neurons were sensitive to nimodipine or -conotoxin GVIA, whereas IL -6-treated neurons, but not control neurons, still retained some sensitivity to -agatoxin IV-A. Together, these results show the following: (1) L -, N-, and P/Q-type VSCCs contribute to the intracellular calcium signal to NMDA in control and IL-6-treated neurons at an early developmental stage (5 DIV); (2) the contribution of VSCCs to the intracellular calcium signal to NMDA declines with development, and this decline occurs at a slower rate in the IL-6-treated neurons compared with controls; and (3) L-, N-, and P/Q-type VSCCs contribute to the enhanced intracellular calcium signal to NMDA in the IL-6-treated neurons at a midstage of granule neuron development (8 DIV) in culture.
IL-6 alters the dose-response relationship for the membrane and intracellular calcium signals to NMDA
In the studies outlined above, NMDA was tested at a standard dose of 200 M. In vivo, it is likely that the amplitude of the synaptic response to NMDA varies, depending on the intensity of the synaptic input. Thus, it was of interest to determine whether IL-6 altered the dose-response relationships for the membrane depolarization and intracellular calcium signal to NMDA. For these studies, NMDA concentrations of 0.02, 0.2 and 1 mM were tested. In both control and IL-6-treated neurons, the membrane depolarization to NMDA increased with increasing NMDA dose, whereas the intracellular calcium signal reached a maximum at 0.2 mM NMDA (Fig. 8) . This discrepancy in the dose-response relationship for the membrane depolarization and intracellular calcium signal to NMDA observed in both control and IL-6-treated neurons could be attributable to a contribution of calcium release from intracellular stores to the calcium signal to NMDA. Our previous studies showed that calcium release from intracellular stores contributes to the intracellular calcium signal to NMDA in control and IL -6-treated neurons. A more parallel dose-response relationship would be expected if the intracellular calcium signal to NMDA was generated solely by calcium influx.
IL-6 treatment did not significantly alter the membrane depolarization or intracellular calcium signal to 0.02 mM NMDA, but at the higher doses of NMDA, IL -6 significantly enhanced both the membrane depolarization and intracellular calcium signal to NMDA. This effect was more prominent for the intracellular calcium signal to NMDA than for the membrane depolarization to NMDA. These results suggest that the effects of IL-6 on the membrane depolarization and intracellular calcium signal to NMDA would have a greater effect on synaptic responses to strong stimuli and that the most prominent effect would be on the intracellular calcium signaling component of the synaptic response.
IL-6 enhances NMDA-induced neurotoxicity
Calcium plays an important role in both physiological and pathological processes. Physiologically, calcium is an important intracellular second messenger and controls a variety of neuronal functions. However, excessive intracellular calcium is associated with several neurological diseases, such as neurotoxicity caused by viral protein in HIV infection (Lipton et al., 1991) . Our results showing that IL -6 enhances the intracellular calcium signal to NMDA and resting calcium levels (Qiu et al., 1995) raises the possibility that the IL -6-induced increase in intracellular calcium could influence neuronal viability. To address this question, we used an LDH assay (see Materials and Methods) to assess neurotoxicity related to NMDA receptor stimulation in control and IL-6-treated cultures at 7 DIV. NMDA-induced LDH release increased in control and IL-6-treated neurons in a dosedependent manner (Fig. 9A) . The neurotoxicity at 200 M NMDA was significantly higher in the IL-6-treated cultures compared with control cultures, whereas at 1 mM NMDA, neurotoxicity was similar in control and IL-6-treated cultures. The neurotoxicity observed at 200 M NMDA in the IL-6-treated cultures was similar to that observed at 1 mM, suggesting that a maximal level had been reached. Interestingly, 200 M NMDA also produced a maximum response in the intracellular calcium signal to NMDA (Fig. 8) , consistent with a link between the enhanced intracellular calcium caused by NMDA receptor stimulation and the IL-6-mediated toxicity.
We also measured the size of the granule neuron clusters to assess the effects of IL-6 on cell number. The neuronal clusters are formed as part of the developmental program of granule neurons in culture (Qiu et al., 1995) . Cell cluster size was smaller in the IL-6-treated cultures compared with control cultures at both culture ages studied (6 and 13 DIV), and the increase in cluster size with neuronal development observed in control cultures was not observed in IL-6-treated cultures (Fig. 9) . Individual cell size was similar in control and IL-6-treated cultures (data not shown). These results suggest that IL-6 treatment decreases the number of granule neurons surviving in culture, perhaps because of NMDA receptor-mediated neurotoxicity.
DISCUSSION
In this study, we found that chronic IL-6 treatment during granule neuron development in culture results in enhanced membrane and current responses to NMDA, effects that parallel the en- hanced intracellular calcium signal to NMDA observed in IL-6-treated granule neurons (Qiu et al., 1995) . Further studies showed that calcium influx through VSCCs contributes to the enhanced intracellular calcium signal to NMDA in the IL-6-treated neurons in a developmentally regulated manner. IL-6 treatment was shown also to alter ifenprodil sensitivity of the membrane depolarization to NMDA in a developmentally regulated manner. Additional studies showed that IL-6 treatment enhanced neurotoxicity involving the NMDA receptor and decreased granule neuron cluster size. Together, these in vitro results suggest that elevated levels of IL-6 in the CNS can significantly alter many aspects of neuronal physiology and development and can lead to neurotoxicity.
The mechanisms underlying the larger current response to NMDA in the IL-6-treated neurons remain to be identified. An increase in NMDA receptor number and/or a change in the receptor properties, such as channel open time, are likely to be involved. The transduction pathway mediating the effects of IL-6 on NMDA responses is unknown and may involve altered gene expression, posttranslational modification, or altered receptor turnover. The transduction pathway activated by IL-6 receptors in CNS neurons has not been identified. However, in nonneuronal cells the IL-6 transduction pathway has been shown to involve tyrosine kinases and activation of transcription factors that regulate gene expression Bonni et al., 1997; Gruol and Nelson, 1997) .
Several pathways contribute to the intracellular calcium signal to NMDA in CNS neurons, including calcium influx through NMDA-gated channels, calcium influx through VSCCs activated by membrane depolarization to NMDA, and calcium release from intracellular stores triggered by the increase in intracellular calcium. The larger membrane and current response to NMDA in the IL-6-treated neurons, coupled with our previous results showing a greater dependence of the calcium signal to NMDA on extracellular calcium in the IL-6-treated neurons (Qiu et al., 1995) , suggests that increased calcium influx through NMDA receptors plays an important role in the enhanced calcium signal to NMDA in the IL-6-treated neurons. The parallel nature of the enhancement of IL-6 of the current response and intracellular calcium signal to NMDA supports this interpretation, because the larger current response is likely to include greater calcium influx. The lack of effect of IL-6 on K ϩ depolarization is consistent with calcium influx through NMDA receptors as the primary mechanism mediating the effects of IL-6 on the intracellular calcium signal to NMDA. K ϩ depolarization activates VSCCs, independent of NMDA receptors and, as a consequence of the calcium influx, calcium release from intracellular stores. IL-6 treatment had little or no effect on the K ϩ -evoked intracellular calcium signal or membrane depolarization, indicating that alterations in VSCC function or calcium release from intracellular stores per se were unlikely to mediate the enhancement of IL-6 of the calcium signal to NMDA. Our previous studies showed that calcium release from intracellular stores contributes to the intracellular calcium signal to NMDA in control and IL -6-treated neurons and that the release component is enhanced in the IL -6-treated neurons compared with control neurons (Qiu et al., 1995) . Results from the current studies indicate that the enhanced calcium release in the IL-6-treated neurons is likely to result from the larger current response to NMDA and consequently greater calcium influx through NMDA receptors. A difference in the coupling ratio of calcium influx to calcium release from stores between control and IL-6-treated neurons could contribute as well, and in the case of young neurons (8 DIV), calcium influx through VSCC s is a contributing factor (see below).
Although IL -6 treatment did not alter calcium influx through VSCC s, as evidenced by the lack of effect of IL -6 on the calcium signal to K ϩ depolarization, studies with calcium channel blockers showed that IL -6 treatment altered the contribution of calcium influx through N-, L -, and P/Q-type VSCC s to the intracellular calcium signal to NMDA. At an early developmental stage, the contribution of calcium influx through N-, L -, and P/Q-type VSCC s to the intracellular calcium signal to NMDA was similar in control and IL -6-treated neurons. The contribution declined with development, a process that proceeded at a slower rate in the IL-6-treated neurons compared with control neurons. As a result, at a middevelopmental stage (8 DIV), N-, L -, and P/Q-type VSCC s made a larger contribution to the intracellular calcium signal to NMDA in IL -6-treated neurons than in control neurons. At a late developmental stage (12 DIV), none of these VSCCs contributed to the intracellular calcium signal to NMDA in control neurons, and only the P/Q-type VSCC s contributed to the calcium signal to NMDA in the IL-6-treated neurons. Thus, although IL-6 produces an enhancement of the calcium signal to NMDA at all developmental stages, the sources of calcium differ, depending on the developmental stage. The mechanisms underlying the developmental change in the contribution of VSCCs to the calcium signal to NMDA in control and IL-6-treated neurons were not assessed in the current study but presumably involve changes in the amplitude of the membrane depolarization to NMDA, VSCCs distribution, the relative expression of the VSCC types, or the functional properties of the VSCCs. Such changes in VSCCs are known to occur during granule neuron development (Moran et al., 1991; Rossi et al., 1994; Parri and Lansman, 1996) .
Studies with ifenprodil, an antagonist at NMDA receptors containing the NMDAR2B subunit, also indicate that IL-6 treatment affects the developmental program of the granule neurons. Native NMDA receptors in granule neurons in situ are formed by a combination of NMDAR1 with at least one of three NMDAR2 subunits (NMDAR2A, NMDAR2B, and NMDAR2C) (Hollmann and Heinemann, 1994; Monyer et al., 1994) . NMDAR2A and NMDAR2B subunits are expressed early in development, but NMDAR2B is gradually downregulated as maturation progresses, coincident with a gradual induction of NMDAR2C (Monyer et al., 1994) . Levels of NMDAR2A remain relatively stable (Akazawa et al., 1994; Monyer et al., 1994) or increase Vallano et al., 1996) during development. Ifenprodil sensitivity of granule neuron responses to NMDA declines as NMDAR2B expression is downregulated during development (Audinat et al., 1994 ). In the current study, control and IL-6-treated neurons showed similar sensitivity to ifenprodil at an early developmental stage. This sensitivity was retained in the IL-6-treated neurons, but not in control neurons, at the late developmental stage, indicating that the IL -6-treated neurons express a more immature phenotype than control neurons at the late developmental stage. These results also suggest that at the late developmental stage, IL -6-treated neurons express a larger proportion of NMDA receptors that contain the NMDAR2B than control neurons. Currents mediated by NMDA receptors containing the NMDAR2B subunit show a slower deactivation time course (and consequently a more prolonged current response) than currents mediated by NMDA receptors containing the NMDAR2A subunit (Monyer et al., 1994; Vicini et al., 1998) . This property of NMDAR2B-containing receptors may play an important role in the enhanced current response to NMDA at the late developmental stage.
The enhanced membrane and current response of the IL-6-treated neurons to NMDA could significantly influence excitatory synaptic transmission, neuronal f unction, and development. For example, activation of NMDA receptors promotes neurite outgrowth (Lipton and Kater, 1989; Collingridge and Singer, 1990) , and pharmacological blockade of NMDA receptors causes an arrest in migratory movements of developing granule cells (Komuro and Rakic, 1993) . C alcium influx through NMDA receptors plays a critical role in these processes. Moreover, the increased intracellular calcium signals to NMDA in the IL-6-treated neurons may eventually cause neuronal death attributable to excitotoxicity and calcium overload. E xcessive glutamate receptor activation, in particular NMDA receptors, has been associated with the initiation of neurodegenerative events (Choi, 1992) in several pathological states, such as HIV infection of the CNS (Lipton et al., 1991 ), Alzheimer's disease (Mattson et al., 1992) , seizures (Rogawski, 1993) , and ischemia (Simon et al., 1984) . A rise in the intracellular concentration of calcium is thought to be a key step in glutamate-induced neurotoxicity (Choi, 1992; Gibbons et al., 1993) . Our results show that IL-6 treatment enhances NMDA receptor-mediated neurotoxicity, perhaps because of the enhancement of the intracellular calcium signal to NMDA. A similar dose of NMDA produced the maximum intracellular calcium signal and the maximum neurotoxicity in the IL -6-treated-neurons. IL -6 levels are elevated in several disease states in which excitotoxicity is thought to be involved (Fantuzzi et al., 1995; Gitter et al., 1995; Yeung et al., 1995) . Thus, IL -6 enhancement of the intracellular calcium signal elicited by NMDA receptor activation could be an important factor in the pathological process occurring in these disease states.
